In the yeast Saccharomyces cerevisiae, microtubules are organized by the spindle pole body (SPB), which is embedded in the nuclear envelope. Microtubule organization requires the ␥-tubulin complex containing the ␥-tubulin Tub4p, Spc98p, and Spc97p. The Tub4p complex is associated with cytoplasmic and nuclear substructures of the SPB, which organize the cytoplasmic and nuclear microtubules. Here we present evidence that the Tub4p complex assembles in the cytoplasm and then either binds to the cytoplasmic side of the SPB or is imported into the nucleus followed by binding to the nuclear side of the SPB. Nuclear import of the Tub4p complex is mediated by the essential nuclear localization sequence of Spc98p. Our studies also indicate that Spc98p in the Tub4p complex is phosphorylated at the nuclear, but not at the cytoplasmic, side of the SPB. This phosphorylation is cell cycle dependent and occurs after SPB duplication and nucleation of microtubules by the new SPB and therefore may have a role in mitotic spindle function. In addition, activation of the mitotic checkpoint stimulates Spc98p phosphorylation. The kinase Mps1p, which functions in SPB duplication and mitotic checkpoint control, seems to be involved in Spc98p phosphorylation. Our results also suggest that the nuclear and cytoplasmic Tub4p complexes are regulated differently.
INTRODUCTION
Tubulin is a heterodimer composed of ␣-and ␤-tubulin that assembles into hollow cylinders known as microtubules. Microtubule formation can be divided into a nucleation and a polymerization step. During nucleation, tubulin monomers assemble to form oligomeric structures that eventually form a closed cylinder. Tubulin molecules then polymerize at the ends of the microtubule cylinder, resulting in its elongation (reviewed by Mandelkow and Mandelkow, 1993) . In many eukaryotic cells, microtubule nucleation takes place at morphologically distinct structures known as basal bodies, centrosomes, nucleus-associated bodies, or spindle pole bodies (SPB) (reviewed by Kellogg et al., 1994; Pereira and Schiebel, 1997) . To collectively define such microtubule nucleation activities, PicketHeaps (1969) coined the generic term microtubuleorganizing center.
The discovery of ␥-tubulin as an universal component of microtubule-organizing centers that is involved in microtubule nucleation supports the idea that microtubule assembly is conserved on the molecular level (Weil et al., 1986; Oakley and Oakley, 1989; Oakley et al., 1990; Oakley, 1992; Horio et al., 1991; Stearns et al., 1991; Zheng et al., 1991; Lopez et al., 1995; Sobel and Snyder, 1995; Akashi et al., 1997) . Additional studies have shown that ␥-tubulin is in a complex with other proteins (Stearns and Kirschner, 1994; Zheng et al., 1995; Moudjou et al., 1996) . For example, ␥-tubulin is present in a large 25S complex in the cytoplasm of frog eggs and somatic cells (Stearns and Kirschner, 1994; Zheng et al., 1995; Moudjou et al., 1996) . Purification of this complex from mitotic frog eggs revealed at least seven proteins including ␣-, ␤-and ␥-tubulin and additional proteins with apparent molecular weights of 75, 109, 133, and 195 kDa (Zheng et al., 1995) .
The SPB of Saccharomyces cerevisiae is a multilayered structure that is embedded in the nuclear envelope (see Figure 11 ). Functions for some of its substructures have been deduced by electron microscopy. The outer and inner plaques organize the cytoplasmic and nuclear microtubules, respectively. The central plaque is involved in the embedding of the SPB into the nuclear envelope (Byers and Goetsch, 1975; Byers, 1981) . It is important to note that the nuclear envelope remains intact during the entire cell cycle of a yeast cell. This has the consequence that the inner plaque is always localized in the nucleus, while the outer plaque is directed toward the cytoplasm.
The ␥-tubulin of yeast S. cerevisiae, named Tub4p, forms a stable complex of approximately 6S with the SPB components Spc98p and Spc97p that is named the Tub4p complex (Geissler et al., 1996; . Interestingly, homologs of Spc98p exist in human, Xenopus laevis and Drosophila ␥-tubulin complexes (Murphy and Stearns, personal communication; Zheng, personal communication) . The purification of the Tub4p complex revealed that it contains two or more molecules of Tub4p, one of Spc98p, and one of Spc97p . The components of the Tub4p complex have been localized to the outer and inner plaques of the SPB, the substructures that organize the nuclear and cytoplasmic microtubules, respectively (Rout and Kilmartin, 1990; Spang et al., 1996a; . Phenotypic analysis of temperature-sensitive alleles of TUB4, SPC98, and SPC97 point to a function of the complex in formation and organization of the mitotic spindle (Geissler et al., 1996; Spang et al., 1996a; as well as microtubule nucleation by the new SPB (Marschall et al., 1996) . SPC97 is also required for SPB duplication .
The localization of the Tub4p complex at the nuclear and cytoplasmic side of the SPB raises questions about the assembly and nuclear transport of the Tub4p complex. In addition, the assembled Tub4p complex has to interact with other SPB components. Recently, we have shown that Spc98p and Spc97p of the Tub4p complex bind to the amino-terminal domain of Spc110p , a filamentous protein that connects the central plaque with the inner plaque (Rout and Kilmartin, 1990; Kilmartin et al., 1993; Kilmartin and Goh, 1996) . Since the amino-terminal domain of Spc110p is only located toward the inner plaque (Spang et al., 1996b) , a protein other than Spc110p must function as a docking site for the Tub4p complex at the outer plaque. Whether the Tub4p complex is differently regulated at its two locations, e.g., by modification, is another important question.
In this paper we investigated biosynthetic as well as regulative aspects of the ␥-tubulin complex of S. cerevisiae. We present evidence that the Tub4p complex is assembled in the cytoplasm and that it is transported into the nucleus via an essential nuclear localization sequence (NLS) in Spc98p. The Tub4p complex is then anchored to the inner plaque via the amino-terminal domain of Spc110p. Spc98p is phosphorylated at the inner plaque of the SPB in a cell cycle-dependent manner, while Spc98p at the outer plaque seems not to be subject to such a modification.
MATERIALS AND METHODS

Growth Conditions and Yeast Strains
Yeast cells were grown in yeast extract, peptone, and dextrose growth medium (YPD). Synthetic complete medium (SC) was prepared as described with either glucose or raffinose and galactose as carbon sources (Sherman, 1991) . Yeast strains used in this study are summarized in Table 1 . Strains KN4083 (cdc4 -1; Dr. K. Nasmyth, IMP, Vienna, Austria), KN1416 (cdc7-1, Dr. K. Nasmyth), K1414 (cdc28 -4, Dr. M. Hall, Biocenter, Basel, Switzerland), 381GG28a6 (cdc28 -13, Yeast Genetic Stock Centre) and Mx161-3a (mps1-1, Dr. M. Winey, University of Colorado, Boulder, CO) were back crossed three times against strains YPH500 or YPH499 (Sikorski and Hieter, 1989) , resulting in strains GPY52, GPY30, GPY31, GPY32, and GPY48, respectively. GPY54 -1 and GPY54 -3 were constructed by disruption of the SST1/BAR1 gene using the ⌬sst1::URA3 cassette of plasmid pJG-sst1 (Reneke et al., 1988) in strains GPY52 and YPH499. Strains ESM364, ESM374, ESM376, ESM380, ESM383, ESM385, and ESM389 were constructed as follows. CB018 was transformed with the linearized plasmid pGP50 (PstI; pRS306-Gal1-SPC98) using the lithium-acetate method (Schiestl and Gietz, 1989) . Transformants (ESM364) were selected on SC medium lacking uracil. The integration of the Gal1-SPC98 gene fusion at the URA3 locus provides a Gal1-SPC98 flanked by ura3-1 and URA3. CB018 and ESM364 were then transformed with pMK122 (pRS305-Gal1-TUB4) previously restricted with BstEII. This resulted in the integration of Gal1-TUB4 into the LEU2 locus of CB018 or ESM364. The transformants were named ESM376 and ESM374. Finally, pMK123 (pRS304-Gal1-SPC97-3HA) was linerized with BsgI and transformed into CB018, ESM364, ESM374, and ESM376 to give strains ESM380, ESM383, ESM389, and ESM385, respectively. Transformants were selected on SC plates lacking tryptophan. Strain GPY42 (SPC97-3HA) was obtained by transforming cells of CB018 with linearized pMK120. Transformants were selected on SC plates lacking tryptophan. These contain SPC97-3HA flanked by the TRP1 gene.
Plasmids
Plasmids used in this study are summarized in Table 1 . Plasmids pGP20, pGP22, pGP27, pGP31, and pSM456, containing 3HA-spc98 nls1 to 3HA-spc98 nls5 in pRS315, were constructed by recombinant polymerase chain reaction (PCR) using the oligonucleotides described in Table 2 . PCR was performed with Vent polymerase (New England Biolabs, Beverly, MA). The nucleotide sequence of PCR products was determined by the chain termination method (Sanger et al., 1977) . In detail, for the deletion of the codons 580 -595 of SPC98, plasmid pSM276 (SPC98 in pBlue SK) (Geissler et al., 1996) was submitted to PCR using the oligonucleotides SPC90 -2/NLS2 and M13rev/NLS1 (Table 2 ). The PCR products of 1760 base pairs (bp) and 1122 bp were purified, mixed, and submitted to an additional PCR using primers M13rev/SPC90 -2. The 3750-bp product was restricted with ApaI-SacI and cloned into the ApaI-SacI sites of pRS315, creating plasmid pNLS1 (spc98 nls1 ). The 1766-bp HindIII fragment of pNLS1, containing the deletion, was then ligated into the 7778-bp HindIII fragment of pSM338 (3HA-SPC98 in pRS315). The resulting plasmid was named pGP20 (3HA-spc98 nls1 in pRS315). Plasmid pGP22 (3HA-spc98 nls2 in pRS315) was constructed by recombinant PCR using pSM338 as template and the primers M13-24rev/MNLS2 and MNLS1/M13-24hin. The two PCR products of 2201 bp and 1717 bp were mixed and resubmitted to another PCR using M13-24rev/M13-24hin. The 3878-bp product was restricted with ApaI-SacI and cloned into pRS315 previously restricted with the same enzymes. Plasmid pGP27 (3HA-spc98 nls3 in pRS315) was constructed as pGP22; however, the primers M13-24rev/MNLS4 and M13-24hin/MNLS3 were used for the first two PCRs. Plasmid pGP31 (3HA-spc98 nls5 in pRS315) was constructed with the same primers as for pGP27, but using plasmid pGP22 as a template. Similarly, pSM456 (3HA-spc98 nls4 in pRS315) was obtained by recombinant PCR with pGP22 as a template and the oligonucleotides MNLS5 and MNLS6.
To obtain SPC98 derivatives under the control of the Gal1-promoter, the 1026-bp HindIII fragment of the 3HA-spc98 nls constructs, carrying the mutated NLS sequence, was ligated with the 8000-bp HindIII fragment of pSM289 (SPC98 in pYES2) resulting in the plasmids pGP25, pGP26, pGP29, pSM436, and pGP30, respectively. For construction of 3HA-SPC98 derivatives in the 2-m plasmid pRS425, plasmids pSM338, pGP20, pGP22, pGP27, pSM456, and pGP31 were restricted with SacI, which released a 3800-bp DNA fragment carrying either 3HA-SPC98, 3HA-spc98
nls3 , 3HA-spc98 nls4 , or 3HA-spc98 nls5 . These fragments were ligated with pRS425 previously restricted with SacI, resulting in plasmids pGP43, pGP44, pGP45, pGP46, pGP58, and pGP47.
NLS-LacZ gene fusions were constructed as described (Geissler et al., 1996) , using the 244-bp BamHI-XbaI fragment of SPC98 and spc98 nls . pSM429 (Gal1-GST-MPS1) was constructed as reported by Lauzé et al. (1995) . Gal1-SPC98, Gal1-TUB4, and Gal1-SPC97-3HA were ligated into yeast integration vectors. In brief, the 4000-bp NaeI-XhoI fragment of pSM289 (Gal1-SPC98) was cloned in the SmaI-XhoI restriction sites of pRS306 (pGP50). Similarly, the 2600-bp NaeI-XbaI fragment of pSM209 (Gal1-TUB4) (Geissler et al., 1996) was cloned into the SmaI-XbaI sites of pRS305 to give plasmid pMK122, and the 4500-bp SacI-EcoRV fragment of pMK81 carrying Gal1-SPC97-3HA was ligated into pRS304 restricted with the same enzymes (pMK123). For the construction of pMK120, the 1045-bp SpeI-ApaI fragment of pMK81 (SPC97-3HA) was cloned into the SpeI-ApaI sites of integration vector pRS304. Subfragments of SPC98 in the two-hybrid vector pACTII were constructed as described in Table 1 . Plasmid pGP48 was constructed by the integration of a 2995-bp BglII-ApaI fragment containing SPC97 of pMK10 into pRS424 previously restricted with BamHI and ApaI. TUB4 on a SacI fragment was then inserted into the SacI restriction site of the polylinker region of pRS424.
Antibodies, Protein Determination, and Immunoblotting
The following antibodies were used: affinity-purified goat and rabbit anti-Spc98p (Geissler et al., 1996; , affinity-purified goat and rabbit anti-Tub4p (Spang et al., 1996a; , mouse monoclonal 12CA5 antibodies (anti-HA) (Hiss GmbH, Freiburg, Germany), affinity-purified rabbit antiSpc97p , affinity-purified rabbit antiSpc110p (Spang et al., 1996b) , affinity-purified rabbit anti-Spc42p , rabbit anti-Fas (kindly provided by Dr. R. Egner, Biozentrum, Vienna, Austria), and rabbit anti-Nop1p (Dr. E. Hurt, University of Heidelberg, Heidelberg, Germany). Mouse monoclonal anti-␤-galactosidase antibodies were from Boehringer Mannheim (Mannheim, Germany). Secondary antibodies for the immunoreactions were goat anti-rabbit or goat anti-mouse IgGs conjugated with horse radish peroxidase (Jackson ImmunoResearch Laboratories, West Grove, PA).
Protein concentration was determined by the method of Bradford (1976) using bovine albumin as standard. Proteins were separated by SDS-PAGE (Laemmli, 1970) and transferred onto nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany) using a semidry blotting apparatus from Bio-Rad (Richmond, CA). Blotting was for 2 h with 2 mA/cm 2 . The blotting buffer contained 20% methanol, 0.02% SDS, 25 mM Tris, 192 mM glycine. Nitocellulose membranes were blocked, incubated with the described antibodies, and finally washed following standard protocols (Harlow and Lane, 1988) . The immunoreaction was visualized using the ECL kit from Amersham (Arlington Heights, IL).
Immunoprecipitation
Yeast cells were grown in SC or YPD medium to midlogarithmic phase (approximately 2 ϫ 10 7 cells/ml), harvested by centrifugation, and washed once with cold water. The cells were lysed with glass beads in IP buffer (20 mM Tris-Cl, pH 7.4, 100 mM NaCl, 10 mM EDTA, 1 mM EGTA, 5% glycerol) containing protease inhibitors (6 g/ml antipain, 4.3 g/ml leupeptin, 4.5 g/ml aprotinin, 5 g/ml bovine trypsin inhibitor, 5 g/ml pepstatin, 6 g/ml chymostatin, 350 g/ml benzamidine-HCl, 1 mM phenylmethylsulfonyl fluoride [PMSF] ) (all from Sigma-Aldrich, Deisenhofen; Germany) and phosphatase inhibitors (100 mM 3-glycerophosphate, 50 mM NaF, 0.2 mM Na-monovanadate) (Sigma-Aldrich). After cell lysis (Ͼ95%), 1% Triton X-100 was added and the lysate was incubated on ice for 15 min. The suspension was cleared by centrifugation (5,000 ϫ g, 10 min). Cell lysates were incubated with goat anti-Spc98p antibodies, goat anti-Tub4p antibodies, or mouse anti-HA antibodies cross-linked to protein-G Sepharose (Harlow and Lane, 1988) for 4 h at 4°C. The beads were washed three times with IP buffer and finally resuspended in urea (HU) buffer . Samples precipitated with goat anti-Spc98p or goat antiTub4p antibodies were analyzed by immunoblotting using rabbit anti-Spc98p or rabbit anti-Tub4p antibodies, respectively.
Alkaline Phosphatase (AP) and Protein Phosphatase 2A (PP2A) Treatments Spc98p was immunoprecipitated as described above. The precipitated material was washed twice with AP buffer (150 mM NaCl, 1 mM MgCl 2 , 0.1 mM ZnCl 2 , 1 mM PMSF, 50 mM Tris-Cl, pH 8.0), resuspended in an equal volume of AP buffer containing 0.4% SDS, and incubated at 65°C for 3 min. After cooling, 10 U of AP (Boehringer Mannheim) were added, and the samples were incubated at 30°C for 45 min. Similarly, isolated SPBs were resuspended in AP buffer with 0.4% SDS, incubated at 65°C for 3 min, and treated with AP. The reactions were stopped by the addition of an equal volume of HU buffer. The samples were heated for 15 min at 65°C. The PP2A treatment was performed in a similar manner, except that the precipitated material was washed with PP buffer (60 M EGTA, 1 mM MnCl 2 , 0.3 mg/ml bovine serum albumin, 0.033% ␤-mercaptoethanol, 1 mM PMSF, 30 mM Tris-Cl, pH 7.5), heated for 3 min at 65°C, and incubated with 1 mU PP2A from bovine heart (Boehringer Mannheim) for 45 min at 30°C.
In Vivo Labeling of Yeast Cells with [ 32 P]
Cells of strains YPH499 (SPC98) and ESM279 (3HA-SPC98) were grown to early logarithmic phase in phosphate-free medium (Rubin, 1973) . Cells (3 ml, 1 ϫ 10 7 cells/ml) were incubated for 4 h at 30°C with 400 Ci of [ 32 P]orthophosphate (10 mCi/ml; Amersham Buchler, Braunschweig, Germany). The cells were washed three times with cold water and resuspended in 100 l 50 mM Tris-Cl, pH 7.5, 1 mM EDTA, 1% SDS, containing protease and phosphatase inhibitors as above. Cell lysis was performed at 4°C by strong vortexing with glass beads followed by an incubation for 5 min at 65°C. The samples were centrifuged at 12,000 ϫ g for 3 min, and the supernatant was transferred to a new tube and diluted 20 times withDeisenhofen; Germany) 12CA5 antibodies were added and incubated for 1 h at 4°C, followed by precipitation of the antibodies with protein-G Sepharose for 1 h. To reduce the background, 5 mg of unlabeled protein extract from the wild-type strain (YPH499) were added to the immunoprecipitations, and the protein-G sepharose beads were precoated with buffer containing 1% bovine serum albumin (Sigma-Aldrich). The precipitated material was successively washed with 1) 150 mM NaCl, 1% Triton X-100, 15 mM Tris-Cl, pH 7.5, 0.1% SDS; 2) 2 M urea, 200 mM NaCl, 1% Triton X-100, 100 mM Tris-Cl, pH 7.5; 3) 500 mM NaCl, 1% Triton X-100, 20 mM Tris-Cl, pH 7.5; and 4) 50 mM NaCl, 10 mM Tris-Cl, pH 7.5. The beads were resuspended in an equal volume of HU buffer. The samples were heated at 65°C for 15 min, separated by SDS-PAGE, and blotted onto nitrocellulose membranes. The membrane was first analyzed by autoradiography followed by immunodetection of Spc98p.
In Vitro Phosphorylation Assay
CB018, ESM364 (Gal1-SPC98), and ESM389 (Gal1-SPC98, Gal1-SPC97-3HA and Gal1-TUB4) strains pregrown in SC-raffinose medium to midlog phase were diluted to an OD 600 of 0.3 (approximately 0.6 ϫ 10 7 cells/ml) with SC-raffinose medium. Galactose was added (2%), and the cells were incubated at 30°C for 6 h. Spc98p or Spc98p/Tub4p/Spc97p complex was immunoprecipitated with goat anti-Spc98p antibodies. CB018 cells transformed with pSM429 (Gal1-GST-MPS1) or pEG(KT) (Gal1-GST) were induced with 4% galactose for 6 h. Glutathione-S-transferase (GST)-Mps1p and GST were affinity purified as reported by Lauzé et al. (1995) using glutathione Sepharose (Pharmacia, Freiburg, Germany). The kinase assay was performed as described (Lauzé et al., 1995) , except that 10 mM glutathione was added to the samples.
Synchronization of Yeast Cells, Flow Cytometry, Hydroxyurea, and Nocodazole Treatments
Cells were synchronized with 1 g/ml (sst1/bar1 strains) or 10 g/ml (SST1/BAR1 strains) of synthetic ␣-factor (Sigma-Aldrich) at 30°C or 23°C for approximately 3 h. Cells were released from the cell cycle block by washing them once with prewarmed YPD medium. Cells of strain RH210 -3c (cdc15) were grown in YPD to 5 ϫ 10 6 cells/ml at 23°C. The culture was then incubated for 3 h at 37°C. During this time, most of the cells (Ͼ 95%) arrested in late anaphase. These cells continued synchronously through the cell cycle when they were further incubated at 23°C. DNA content of cells was determined by flow cytometry as described (Hutter and Eipel, 1979) . Cells of YPH499 were treated with 100 mM hydroxyurea (Sigma-Aldrich) or 15 g/ml nocodazole (Sigma-Aldrich) for 3 h at 30°C. Cells arrested uniformly in the cell cycle (Ͼ 95%). Lysates were prepared and Spc98p phosphorylation was analyzed as previously described.
Overexpression of SPC98, spc98 nls , TUB4, SPC97-3HA, NLS-LacZ, and Immunofluorescence
Yeast cells carrying genes under the control of the Gal1-promoter were grown to early logarithmic phase (5 ϫ 10 6 cells/ml) in SC medium containing 2% raffinose as sole carbon source. Galactose (2%) was added for 6 h. Cells were fixed by adjusting the medium to 3.5% formaldehyde and 0.1 M K-phosphate, pH 6.5, for 45 min at 30°C. Immunofluorescence was performed as described . Affinity-purified rabbit anti-Spc98p, anti-Tub4p, and antiSpc97p or mouse anti-␤-Gal were used as primary antibodies. Secondary antibodies were goat anti-rabbit or goat anti-mouse IgGs conjugated with Cy3 (Jackson ImmunoResearch Laboratories). DNA was stained with 4,6-diamidino-2-phenylindole (DAPI) (Boehringer Mannheim).
Yeast Cytoplasm and Nuclei Fractionation
Fractions containing cytoplasm and nuclei were enriched from the strain GPY42 as described (Young and Tyk, 1997) . Briefly, spheroblasts were resuspended in Ficoll buffer (18% Ficoll 400, 20 mM Tris-HCl, pH 7.5, 20 mM KCl, 5 mM MgCl 2 , 3 mM dithiothreitol, 1 mM EDTA) containing protease and phosphatase inhibitors as described above. The spheroblasts were lysed using a Dounce homogenizer. Unlysed cells and cell debris were removed by two rounds of centrifugation (2,150 ϫ g, 5 min). The supernatant was equally divided in two portions: one was saved as total extract (TE) and the other was centrifuged at high-speed (20,800 ϫ g, 30 min), resulting in a cytosolic supernatant (Cy) and a nuclear pellet (Nu). The pellet was resuspended in Ficoll buffer to the original volume. The fractions (TE, Cy, Nu) were diluted with one volume of 50 mM TrisHCl, pH 7.5, 10 mM MgSO 4 , 1 mM EDTA, 10 mM potassium acetate, 1 mM dithiothreitol, and 2% Triton X-100 containing protease and phosphatase inhibitors and treated with 20 U of deoxyribonuclease I for 30 min at 37°C. The samples were then diluted 10 times with IP buffer, and Spc98p was immunoprecipitated as described. Coimmunoprecipitated Tub4p and Spc97p were detected by immunoblotting. Aliquots of TE, Cy, and Nu fractions were also analyzed by immunoblotting using anti-Fas and anti-Nop1p antibodies.
Two-Hybrid Assay, SPB, and Nuclei Isolation and Immunoelectron Microscopy
Two-hybrid assays were performed as reported (Geissler et al., 1996) . For nuclei and SPB isolation, we followed the protocol described by Rout and Kilmartin (1990) . Immunoelectron microscopy was performed as described .
RESULTS
Spc98p Is a Phosphoprotein
Previously, we have shown that the yeast ␥-tubulin, Tub4p, is in a 6S complex together with the SPB components Spc98p (Geissler et al., 1996) and Spc97p . This complex is present in the cytoplasm (this study) as well as at the SPB (Rout and Kilmartin, 1990; Spang et al., 1996a; . For the study of the assembly and modification of the Tub4p complex, it was necessary to show that the different forms of the Tub4p complex can be immunoprecipitated with equal efficiency. Yeast cells were lysed and the detergent Triton X-100 was added. This treatment extracted most of the SPB-associated Tub4p complex . Consequently, Tub4p, Spc98p, or Spc97p-3HA were not detected in the sediment after centrifugation ( Figure 1A , lane 1). Tub4p, Spc98p, and Spc97-3HA of the supernatant were then immunoprecipitated (lane 2). The precipitation was quantitative, since the proteins were no longer detectable in the supernatant after the immunobeads had been removed by centrifugation (lane 3). Taken together, we conclude that the cytoplasmic and SPB-derived forms of the Tub4p complex were precipitated with equal efficiency by our antibodies.
During the course of the immunoprecipitation experiments, we noticed that Spc98p in the Tub4p complex migrates as a heterogeneous group of bands of apparent molecular mass between 98 and 105 kDa ( Figure 1B , lane 1). Such behavior is often a consequence of hyperphosphorylation. This possibility was tested by the incubation of immunoprecipitated Spc98p with AP, which converted the slower migrating forms of Spc98p into mainly one band ( Figure 1B , lane 2). However, a slower migrating, minor form of Spc98p was also observed. This band may result from a phosphorylated residue of Spc98p being inaccessible to the phosphatase or from a modification other than phosphorylation. Conversion was blocked when AP was inhibited by the phosphatase inhibitor 3-glycerophosphate ( Figure 1B, lane 3) . A similar conversion was observed with the phosphoserine/threonine-specific phosphatase PP2A ( Figure 1C ), suggesting that Spc98p is phosphorylated mainly on serine and threonine residues. Again, this conversion was incomplete, raising the possibility that some Spc98p is also phosphorylated on residues other than serine and threonine.
To confirm the phosphorylation of Spc98p, we labeled yeast cells with [
32 P]orthophosphate and enriched 3HA-Spc98p by immunoprecipitation using anti-HA antibodies. 3HA-Spc98p was labeled by [ 32 P], demonstrating directly that Spc98p is a phosphoprotein ( Figure 1D , lane 2). Noteworthy, only the slower migrating band of Spc98p was detected by autoradiography (compare lanes 2 and 4). We conclude that Spc98p is a phosphoprotein and that the faster migrating form is not, or is only weakly, phosphorylated.
Spc98p Is Phosphorylated in a Cell Cycle-dependent Manner
To test whether Spc98p phosphorylation is cell cycledependent, yeast cells were synchronized using ␣-factor ( Figure 2A ). Cell cycle progression of the cells was followed by determining the budding index and the DNA content by flow cytometry. In ␣-factor-arrested cells (t ϭ 0), the ratio of nonphosphorylated to phosphorylated Spc98p was about equal; however, we observed some variation depending on the experiment (Figures 2A and 4A) . The phosphorylated form then increased with bud formation (Figure 2A , t ϭ 30 min), was maximal during DNA replication (t ϭ 40 min), and finally reached a minimum in large-budded mitotic cells (t ϭ 70 min). Remarkably, phosphorylation of the SPB component Spc110p (Friedmann et al., 1996; Stirling and Stark, 1996) peaked about 20 min later in the cell cycle ( Figure 2A , t ϭ 60 min). To exclude possible artefacts caused by the pheromone arrest, we uniformly arrested cdc15 cells in anaphase at 37°C (Schweitzer and Philippsen, 1991) . Cells continued synchronously through the cell cyle after the temperature was shifted to 23°C ( Figure 2B ). As before, Spc98p was phosphorylated with bud formation (t ϭ 75 min) and was predominantly nonphosphorylated in large budded mitotic cells (t ϭ 150 min). Sikorski and Hieter (1989) We investigated the Spc98p phosphorylation in temperature-sensitive kinase mutants that show defects in cell cycle progression or in SPB duplication and mitotic checkpoint control. Phosphorylation of Spc98p was clearly reduced in cdc28 and mps1-1 cells, while it was increased in the cdc7-1 mutant ( Figure 3A) . Cdc28p is the homolog to Cdc2p of human and S. pombe (reviewed by Nasmyth, 1993) . Mps1p kinase functions in SPB duplication as well as in mitotic checkpoint control (Winey et al., 1991; Weiss and Winey, 1996; Hardwick et al., 1996) . The cdc7-1 mutation arrests cells before the initiation of DNA replication (Byers and Goetsch, 1974; Hartwell, 1976; Yoon and Campbell, 1991) . The phenotype of mps1-1 cells raised the possibility that Mps1p phosphorylates Spc98p directly. Therefore, we tested whether purified Mps1p phosphorylates Spc98p in vitro ( Figure 3B ).
We could demonstrate that enriched Spc98p (lane 1) or Spc98p in the Tub4 complex (lane 2) is phosphorylated by purified GST-Mps1p. The Spc98p phosphorylation was dependent on the addition of GST-Mps1p (lanes 1 and 2) and was not observed with purified GST (lanes 4 and 5). As described previously (Lauzé et al., 1995) , we noticed that GST-Mps1p is subject to autophosphorylation (lanes 1-3) .
The role of Mps1p in checkpoint control (Hardwick et al., 1996; Weiss and Winey, 1996) led us to test whether activation of the DNA replication or the mitotic checkpoint (Hartwell and Weinert, 1989; Hoyt et al., 1991; Li and Murray, 1991; Murray, 1992) influences Spc98p phosphorylation. This was indeed the case, since about 85% of Spc98p of hydroxyurea-or nocodazole-treated cells were phosphorylated ( Figure  3 , C and D) in comparison to 30% of mitotic cells of a 
The basepairs changed to generate the specific mutations in the NLS of SPC98 (listed in Figure 5A ) are underlined.
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Spc98p Phosphorylation Is not Required for SPB Duplication or Microtubule Nucleation
Phosphorylation of Spc98p may be a prerequisite for the nucleation of microtubules at the newly formed SPB, since SPB duplication occurs around the time Spc98p phosphorylation begins (Byers and Goetsch, 1974; Byers, 1981) . To investigate this important aspect, we made use of the cdc4 -1 mutation. cdc4 -1 cells arrest in the cell cycle before S phase with duplicated but not separated SPBs, and both SPBs are associated with microtubules (Byers and Goetsch, 1974) . Therefore, nonphosphorylated Spc98p in arrested cdc4 -1 cells would indicate that this modification does not play a role in SPB duplication or microtubule formation. When ␣-factor-synchronized CDC4 cells were shifted to 37°C, these cells replicated their DNA, and Spc98p phosphorylation was observed (Figure 4 , A and B). In contrast, cdc4 -1 cells did not replicate their DNA and hyperphosphorylation of Spc98p did not occur ( Figure 4 , C and D). In summary, the results demonstrate that Spc98p phosphorylation is neither required for SPB duplication nor for nucleating microtubules.
Spc98p Contains an Essential NLS
What is the function of Spc98p phosphorylation? Phosphorylation of Spc98p may regulate the import of Spc98p into the nucleus. Such a regulation has been described for transcription factor Swi5p, which is retained in the cytoplasm through phosphorylation by Cdc28p kinase (Moll et al., 1991) . Alternatively, Spc98p phosphorylation may control the assembly of the Tub4p complex, the binding of Tub4p complex to the SPB, or rearrangements of the Tub4p complex after microtubule nucleation. To discriminate between these possibilities, we investigated nuclear import and the assembly of the Tub4p complex. . budded, and large budded cells (Ͼ200) was determined by light microscopy. Spc98p was enriched by immunoprecipitation, and its phosphorylation was analyzed by immunoblotting. Similarly, cell cycle-dependent phosphorylation of Spc110p was followed by immunoblotting (Friedmann et al., 1996) . The DNA content was determined by flow cytometry. (B) Synchronization by cdc15. cdc15 cells were shifted to 37°C for 3 h. The uniformly arrested cells were then incubated at 23°C. Samples were taken, and the budding index and Spc98p phosphorylation were analyzed as described in panel A.
Previously, we have identified a NLS of Spc98p between amino acids 550-631 (Geissler et al., 1996) . Particularly, amino acids 580 -595 correspond to a bipartite NLS ( Figure 5A ) with two clusters of positively charged amino acids separated by a spacer of 10 amino acids (Dingwall and Laskey, 1991) . To confirm that this sequence is the NLS of Spc98p, we mutated the putative NLS as indicated in Figure 5A . Mutations in one of the two positively charged clusters of the NLS (Spc98p nls2 and Spc98p nls3 ) did not affect viability or GST (lanes 4 to 6) were isolated from yeast cells using glutathione Sepharose as described (Lauzé et al., 1995) . The purified proteins were incubated with buffer (lanes 3 and 6) or immunoprecipitated Spc98p from a strain overexpressing SPC98 (lanes 1 and 4), or SPC98, SPC97, and TUB4 simultaneously (lanes 2 and 5) in the presence of [␥- The NLS of Spc98p is essential for its function. The functionality was determined by a plasmid shuffle experiment using the yeast strain ESM243 (⌬spc98::HIS3 pRS316-SPC98). Cells of ESM243 do not grow on 5-FOA plates at 23°C, which select against the URA3-plasmid (Geissler et al., 1996) . However, these cells were able to grow on 5-FOA when LEU2-based plasmids were present carrying 3HA-SPC98 (pSM338; sector wt), 3HA-spc98 nls2 (pGP22; sector 2), or 3HA-spc98 nls3 (pGP27; sector 3). In contrast, 3HA-spc98 nls1 (pGP20; sector 1), 3HA-spc98 nls4 (pSM456; sector 4), or 3HA-spc98 nls5 (pGP31; sector 5) on a LEU2-based plasmid did not support growth, revealing that they are nonfunctional. (C) Mutations in the NLS of Spc98p prevent toxicity of SPC98 overexpression. Strain YPH499 carrying plasmids pSM289 (Gal1-SPC98, wt), pGP25 (Gal1-spc98 nls1 , sector 1), pGP26 (Gal1-spc98 nls2 , sector 2), pGP30 (Gal1-spc98 nls3 , sector 3), pSM436 (Gal1-spc98 nls4 , sector 4), or pGP29 (Gal1-spc98 nls5 , sector 5) were grown in SC medium with 2% raffinose as carbon source at 30°C to a cell density of 2 ϫ 10 7 cells/ml. The cells were streaked out on SC plates containing either 2% glucose (no induction of the Gal1 promoter) or 2% galactose/raffinose (induction). The plates were incubated at 30°C. (D) Mutations in the bipartite NLS of Spc98p impair its nuclear import. SPC98 and spc98 nls5 were expressed from the Gal1 promoter in wild-type cells (YPH499). Localization of Spc98p was determined by indirect immunofluorescence using affinity-purified anti-Spc98p antibodies. DNA was stained with DAPI. (E) The ( Figure 5B , sectors 2 and 3). In contrast, mutating both clusters (sectors 4 and 5) or the deletion of the NLS (sector 1) resulted in nonfunctional Spc98p nls4 , Spc98p nls5 , and Spc98p nls1 proteins ( Figure 5B Geissler et al., 1996) and the overproduced Spc98p nls5 accumulated in the cytoplasm of cells ( Figure 5D ), demonstrating that the NLS was inactivated. This was confirmed by fusing codons 550 -631 of SPC98 and spc98 nls5 to LacZ coding for ␤-galactosidase (␤-Gal). ␤-Gal accumulates in the cytoplasm when expressed in yeast cells ( Figure 5E ). In contrast, NLS-␤-Gal was imported into the nucleus (Geissler et al., 1996) , while nls5-␤-Gal stayed mainly in the cytoplasm ( Figure 5E ). nls5 were expressed similarly to 3HA-SPC98 and that the proteins were still able to form complexes with Tub4p and Spc97p ( Figure 6A, lanes 2, 6, and 7) . In contrast, 3HA-Spc98p nls1 was impaired in complex formation (lane 3). Furthermore, we noticed that 3HA-Spc98p nls1 , 3HA-Spc98p nls4 , and 3HA-Spc98p nls5 were not phosphorylated ( Figure 6A, lanes 3, 6, and 7) , while 3HA-Spc98p, 3HA-Spc98p nls2 , and 3HA-Spc98p nls3 (lanes 2, 4 and 5) were. Noteworthy, after moderate overexpression (2 m plasmids) of 3HA-spc98 nls4 or 3HA-spc98 nls5 , but not of 3HA-spc98 nls1 , together with similarly overexpressed TUB4 and SPC97, we observed phosphorylation of some 3HA-Spc98p nls4 and 3HA-Spc98p nls5 ( Figure 6B , lanes 6 and 7), indicating that the mutations did not abolish the capability for phosphorylation per se. Under this condition, spc98 nls4 and spc98 nls5 are able to rescue a SPC98 deletion at 23°C but not at higher temperatures ( Figure 6C ). These observations are explained by an increase in Spc98p nls4 and Spc98p nls5 containing Tub4p complexes that probably enter the nucleus with low efficiency. Spc98p nls4 and Spc98p nls5 should be located at the outer plaque of the SPB, if they are only defective in nuclear import. This was addressed by examining the localization of 3HA-Spc98p, 3HA-Spc98p nls4 , and 3HA-Spc98p nls5 at the SPB using immunoelectron microscopy. 3HA-Spc98p nls4 and 3HA-Spc98p nls5 were only detected at the cytoplasmic outer plaque of the SPB, while 3HA-Spc98p was associated with the inner and outer plaques ( Figure 6D ; Rout and Kilmartin, 1990) . In contrast, SPBs from SPC98 cells were not labeled by anti-HA antibodies, indicating that the anti-HA signal obtained in the 3HA-SPC98 cells was specific. Taken together, our data are consistent with the notion that Spc98p nls4 and Spc98p nls5 lost their biological activity mainly due to inactivation of the NLS.
Spc97p and Tub4p Are Imported into the Nucleus in Complex with Spc98p
We investigated nuclear import and complex formation of Spc98p, Tub4p, and Spc97p after overproduction from chromosomally integrated Gal1-SPC98, Gal1-TUB4, and Gal1-SPC97 constructs. In contrast to Spc98p ( Figure 7A ; Geissler et al., 1996) , overproduced Tub4p ( Figure 7B ) or Spc97p ( Figure 7C ; were not enriched in the nucleus, suggesting that these proteins do not contain a NLS. However, Tub4p or Spc97p co-overproduced with Spc98p accumulated in the nucleus (Figure 7 , B and C), which is indicated by the colocalization of the anti-Tub4p and anti-Spc97p signals with the DAPI staining regions, while co-overproduced Tub4p and Spc97p were enriched in the cytoplasm (Figure 7 , B and C). Finally, triple-overproduction of Tub4p, Spc97p, and Spc98p led to the detection of all three proteins inside the nucleus (Figure 7, A, B, and C) .
These results are consistent with the notion that Tub4p and Spc97p form complexes with Spc98p in the cytoplasm, which are then imported into the nucleus via the NLS of Spc98p. In this case, complexes of the co-overproduced proteins should be detectable. Immunoprecipitation experiments showed that co-overproduced Tub4p and Spc98p, Tub4p and Spc97p, Spc97p and Spc98p, and triple-overproduced Tub4p, Spc98p, and Spc97p formed complexes ( Figure 8A ), confirming the mutual interaction of the three proteins that has been suggested by two-hybrid interactions (Geissler et al., 1996; . Remarkably, Spc98p in these complexes was mainly in its unphosphorylated form, suggesting that phosphorylation of Spc98p is neither required for complex formation nor for nuclear import.
Binding of Spc98p to Tub4p and Spc97p raises the possibility that Spc98p has at least two domains, one that binds to Tub4p and another that interacts with Spc97p. This notion is supported by the finding that the C-terminal domain of Spc98p specifically interacts with Tub4p in the two-hybrid system, while the central domain gives a positive signal with Spc97p (FigFigure 5 (facing page). mutated NLS is inactive for nuclear import. LacZ, NLS-LacZ, and nls5-LacZ gene fusions were expressed in yeast from the Gal1 promoter. LacZ gene products (␤-Gal) were detected by immunofluorescence with monoclonal anti-␤-Gal antibodies. DNA was stained with DAPI. Bars in panels D and E are 5 m.
Nuclear Import of the ␥-Tubulin Complex Vol. 9, April 1998ure 8B). In conclusion, our results suggest that Spc98p has binding sites for Tub4p and Spc97p, and that these interactions are important for the nuclear import of Spc97p and Tub4p.
Spc98p at the Inner but Not the Outer Plaque of the SPB Becomes Phosphorylated
The results of the co-overexpression experiment is most consistent with the view that the Tub4p complex assembles in the cytoplasm followed by its nuclear import. In this case the Tub4p complex should be detectable in the cytoplasm of the cells. The cytoplasm and nuclei of yeast cells were carefully enriched in the presence of phosphatase inhibitors. The distribution of the ␣-and ␤-subunits of cytoplasmic fatty acid synthase (Fas) and the nuclear protein nucleolin (Nop1p) established that the two fractions were hardly contaminated by each other ( Figure 9A, lanes 1-3) . Spc98p was then precipitated using anti-Spc98p antibodies, followed by the immunodetection of Spc98p, Tub4p, and Spc97p-3HA ( Figure 9A , lanes 4 -6). Coimmunoprecipitation of Tub4p and Spc97p-3HA with antiSpc98p antibodies demonstrated that the cytoplasmic Spc98p was in complex with Tub4p and Spc97p-3HA (lane 5). Spc98p in the cytoplasmic Tub4p complex was hardly phosphorylated, a result that is consistent with the nonphosphorylation of the import-defective mutants Spc98p nls4 and Spc98 nls5 ( Figure 6A ). Spc98p in the nuclear fraction was also associated with Tub4p and Spc97p; however, in contrast to the cytoplasmic Tub4p complex, Spc98p was predominantly phosphorylated ( Figure 9A, lane 6) .
We investigated whether Spc98p at the SPB is phosphorylated. Isolated nuclei were lysed in the presence of phosphatase inhibitors, followed by the enrichment of SPBs by sucrose density centrifugation (Rout and Kilmartin, 1990) . The sucrose gradient fractions were analyzed by immunoblotting for the SPB proteins 
nls4 (pSM456), or 3HA-spc98 nls5 (pGP31) (lanes 2-7) were precipitated using anti-HA antibodies. Spc98p, Spc97p, and Tub4p were detected in the precipitate by immunoblotting using affinitypurified polyclonal anti-Spc98p, anti-Tub4p, or anti-Spc97p antibodies. (B) Spc98p nls4 and Spc98p nls5 can become phosphorylated. Extracts of cells of ESM243 (⌬spc98::HIS3 pRS316-SPC98) carrying plasmid pRS425 (lane 1), pGP43 (3HA-SPC98), pGP44 (3HA-spc98 nls1 ), pGP45 (3HA-spc98 nls2 ), pGP46 (3HA-spc98 nls3 ), pGP58 (3HA-spc98 nls4 ), or pGP47 (3HA-spc98 nls5 ) (lanes 2-7) were prepared, followed by immunoprecipitation using anti-HA antibodies. The precipitates were analyzed by immunoblotting using polyclonal anti-Spc98p antibodies. These cells carried in addition SPC97 and and Spc98p nls5 become functional after overproduction. Cells of strain ESM243 with plasmids pGP48 and either pGP43 (3HA-SPC98; sector wt), or pGP44 (3HA-spc98 nls1 , sector 1), or pGP58 (3HA-spc98 nls4 , sector 4) or pGP47 (3HA-spc98 nls5 , sector 5) were grown on 5-FOA at 23°C. 5-FOA selects against the cells carrying the plasmid pRS316-SPC98. Growth on this plate indicates that the SPC98 derivative is functional. Cells from the 5-FOA plate were streaked out on a YPD plate. Cells with 3HA-SPC98 (sector wt) grew, while 3HA-spc98 nls4 (sector 4) and 3HA-SPC98 nls5 (sector 5) cells failed to grow at 35°C, but grew at 23°C (our unpublished result). (D) 3HA-Spc98p nls4 and 3HA-Spc98p nls5 are associated with the outer plaque of the SPB. Cells expressing SPC98 or SPC98 together with 3HA-SPC98, 3HA-spc98 nls4 , or 3HA-spc98 nls5 were prepared for immunoelectron microscopy using anti-HA antibodies as described . The distribution of gold particles associated with 25 SPBs was determined in each case. The HA signal was associated with the inner (i), outer (o), or inner and outer (i/o) plaques but not with other SPB substructures.
Spc98p, Spc110p, Spc97p, Tub4p, and Spc42p. Phosphorylated and nonphosphorylated Spc98p comigrated with the other SPB markers ( Figure 9B , lanes 8 -11). Phosphorylated Spc98p was clearly the predominant form in the SPB fractions. We estimated the ratio of phosphorylated to nonphosphorylated Spc98p of nuclei and isolated SPBs by the scanning of the immunoblots. This ratio increased from nuclei to isolated SPBs by about 1.5-to 2.0-fold, suggesting a pool of nonphosphorylated Spc98p in the nucleoplasm.
We addressed the question whether Spc98p at the outer and inner plaques of the SPB is differently phosphorylated. , which is predominately associated with the outer plaque of the SPB ( Figure  6D ), was used for this experiment. Analysis of sucrose gradient fractions 8 -11 containing isolated SPBs revealed that 3HA-Spc98p nls5 migrated as a single band ( Figure 10A , lanes 9 -12, detection with anti-HA), while 3HA-Spc98p (lanes 5-8, detection with anti-HA) appeared as a doublet. Migration of 3HA-Spc98p nls5 on the gel was not influenced by AP, suggesting that 3HA-Spc98p nls5 of isolated SPBs is not phosphorylated ( Figure 10B, lanes 3 and 4) . In contrast, the migration of 3HA-Spc98p from isolated SPBs was affected by phosphatase treatment ( Figure 10B, lanes 1 and 2) . Taken together, our results suggest that Spc98p at the inner plaque of the SPB is subject to hyperphosphorylation, while Spc98p at the outer plaque is not.
DISCUSSION
Assembly and Nuclear Import of the Yeast ␥-
Tubulin Complex
Complexes containing ␥-tubulin and homologs of Spc98p have been detected not only in yeast but also in Drosophila, human and X. laevis (Zheng et al., 1995; Geissler et al., 1996; Moudjou et al., 1996; Murphy and Stearns, personal communication; Zheng, personal communication) . These complexes are present in the cytoplasm of cells ( Figure 9A ; Stearns and Kirschner, 1994; Zheng et al., 1995; Moudjou et al., 1996; Akashi et al., 1997) and are then recruited to the centrosome where they function in microtubule nucleation (Moritz et al., 1995a,b; . Figure 7 (cont). Tub4p and Spc97p are imported into the nucleus via Spc98p. TUB4, SPC98, and SPC97 under control of the Gal1 promoter were integrated into chromosomal locations. The Gal1 promoters of these strains (see Table 1 ) were induced for 6 h with galactose. The cellular distribution of overproduced (A) Spc98p, (B) Tub4p, and (C) Spc97p alone or in all possible combinations (as indicated on the right side of Figure 7 ) was determined by indirect immunofluorescence using affinity-purified polyclonal anti-Spc98p, anti-Tub4p, and anti-Spc97p antibodies. DNA was stained with DAPI. Bars in A, B, and C are 4 m. Complex Vol. 9, April 1998 However, it is important to note that the Tub4p complex is, in some respects, distinct from the X. laevis ␥-tubulin ring complex. In comparison to the Tub4p complex, the X. laevis ␥-tubulin complex is larger in size, contains more subunits, and does not need to enter the nucleus for its function (Zheng et al., 1995) .
Nuclear Import of the ␥-Tubulin
In this study we addressed the question of how a ␥-tubulin complex is assembled and regulated using the yeast S. cerevisiae as a model system. In yeast, the Tub4p complex is associated with the inner and outer plaques of the SPB (Rout and Kilmartin, 1990; Geissler et al., 1996; , the SPB substructures that organize the nuclear and cytoplasmic microtubules, respectively (Byers and Goetsch, 1974; Byers, 1981) . Since the outer plaque is located in the cytoplasm and the inner plaque inside the nucleus, a portion of the components of the Tub4p complex must be transported into the nucleus. Our results are consistent with the view that the Tub4p complex assembles in the cytoplasm and is then imported into the nucleus via the essential NLS of Spc98p (Figure 11) . First, the Tub4p complex was detected in the cytoplasm by fractionation studies ( Figure 9A ). Second, neither Spc97p nor Tub4p seem to have a NLS. Instead, they become imported into the nucleus when cooverexpressed with Spc98p ( Figure 7) . Third, mutations in the NLS of Spc98p impair its biological function most probably due to insufficient nuclear localization of the protein, since Spc98p nls4 and Spc98p nls5 assemble in the Tub4p complex ( Figure 6A ) and become incorporated into the outer plaque ( Figure 6D ).
Regulatory events must ensure that sufficient Tub4p complex stays in the cytoplasm to enable microtubule nucleation at the outer plaque. Either nuclear import of the Tub4p complex is inefficient or retention proteins, as in the case of NF-B (Henkel et al., 1992) , ensure the maintenance of enough complex in the cytoplasm. Alternatively, phosphorylation could either retain Spc98p in the cytoplasm, as reported for Swi5p (Moll et al., 1991) , or trigger its nuclear import. However, our results suggest that Spc98p phosphorylation does not have any of these functions. Phosphorylation of Spc98p does not play a role in its cytoplasmic retention, since the cytoplasmic Tub4p complex contains mainly unphosphorylated Spc98p ( Figure 9A ). Furthermore, overproduced Spc98p enters the nucleus in its unphosphorylated form, demonstrating that phosphorylation of Spc98p is not required for its nuclear import ( Figures 7A and 8A) . However, phosphorylation of Spc98p could release a cytoplasmic retention protein followed by the rapid import of Spc98p. This is also unlikely, since in such a scenario phosphorylated Spc98p nls mutants should accumulate in the cytoplasm, which is not the case (Figure 6A) . It proved technically difficult to determine the amount and phosphorylation state of Spc98p in the nucleoplasm of wild-type cells, mainly because the Tub4p complex is released easily from the inner plaque of the SPB . How- Figure 8 . Overexpressed Tub4p, Spc98p, and Spc97p proteins interact. (A) Overexpressed Tub4p, Spc98p, and Spc97p-3HA form complexes. Tub4p, Spc98p, or Spc97p-3HA from cells expressing TUB4, SPC98, and SPC97-3HA in all possible combinations were enriched by immunoprecipitation using the indicated antibodies. Tub4p, Spc98p, and Spc97p-3HA in the immunoprecipitates were detected by immunoblotting using polyclonal anti-Tub4p, antiSpc98p, or monoclonal anti-HA (12CA5) antibodies. (B) The central domain of Spc98p interacts with Spc97p, while the carboxy-terminal domain binds to Tub4p. Subclones of Spc98p fused to Gal4p were tested for interaction with LexA-Spc97p and LexA-Tub4p using the two-hybrid system. We established that Gal4p-Spc98p 147-551 and Gal4p-Spc98p 511-846 combined with vector pEG202 did not give a positive signal (our unpublished result).
ever, the ratio of phosphorylated to unphosphorylated Spc98p increases from isolated nuclei to SPBs by a factor of 1.5 to 2, which is consistent with the view that Spc98p in the nucleoplasm is predominantly unphosphorylated. Again, this argues against a role of Spc98p phosphorylation in triggering nuclear import.
Interaction between two of the three components of the Tub4p complex was observed after co-overexpression ( Figure 8A ). These interactions correlated with data from two-hybrid experiments and suggest mutual interactions among Spc98p, Spc97p, and Tub4p (Geissler et al., 1996; . In addition, Tub4p and Spc97p probably bind to different domains of Spc98p. This model is supported by the finding that a central domain of Spc98p (amino acids 147-551) exists that interacts specifically with Spc97p, while the carboxy-terminal portion (amino acids 511-846) binds only to Tub4p ( Figure 8B ). Previously, we have shown that the Spc98p derivative containing amino acids 390 -846 does not interact with Tub4p in the twohybrid system (Geissler et al., 1996) . This discrepancy may be explained by the misfolding or aggregation of the truncated Gal4p-Spc98p 390 -846 protein. Similar observations have been reported for other proteins (Geiser et al., 1993) .
Phosphorylation of Spc98p
Cell-cycle dependent phosphorylation of centrosomal proteins in mammalian, Schizosaccharomyces pombe, and Aspergillus nidulans cells has been detected using the monoclonal antibody MPM-2 (Vandre et al., 1984; Engle et al., 1988; Masuda et al., 1992) , which is directed against mitosis-specific phosphoepitopes (Davis et al., 1983) . This antibody does not stain the S. cerevisiae SPB (Schiebel, unpublished results), leaving it at first unclear whether S. cerevisiae SPB components are modified by phosphorylation. Spc42p and Spc110p are the first SPB components for which phosphorylation has been demonstrated (Donaldson and Kilmartin, 1996; Friedmann et al., 1996) . Spc110p is a filamentous protein that connects the central with the inner plaque (Rout and Kilmartin, 1990; Kilmartin et al., 1993) . Its amino-terminal domain interacts with Spc98p and Spc97p of the Tub4p complex . Spc42p forms a two-dimensional crystal within the SPB (Donaldson and Kilmartin, 1996; Bullitt et al., 1997) . It has been isolated upon high-salt fragmentation of SPBs in complex with Spc110p, calmodulin, and an essential SPB component with an apparent molecular weight of 35 kDa Schiebel, unpublished results) .
Here we identified Spc98p as the first protein in a ␥-tubulin complex that is subject to phosphorylation (Figure 1 ). The existence of homologs to Spc98p in the human, X. laevis, and Drosophila ␥-tubulin complexes (Murphy and Stearns, personal communication; Zheng, personal communication) make this finding especially important. It is interesting to note that the 4) were separated into cytoplasmic (Cy) (lanes 2 and 5) and nuclear fractions (Nu) (lanes 3 and 6) (see MA-TERIALS AND METHODS). The success of this fractionation (lanes 1-3) was established by following the cytoplasmic marker fatty acid synthase (Fas) and the nuclear marker nucleolin (Nop1p). Shown are immunoblots developed with anti-Fas or anti-Nop1p antibodies. Nuclei were solubilized with detergent in the presence of deoxyribonuclease I. Spc98p in the cytoplasmic and nuclear fractions was precipitated with anti-Spc98p antibodies. Tub4p, Spc98p, and Spc97p-3HA were detected in the immunoprecipitated material by immunoblotting using polyclonal antibodies. (B) Spc98p at the SPB is mainly phosphorylated. SPBs from wild-type cells were isolated by sucrose density centrifugation as described by Rout and Kilmartin (1990) in the presence of phosphatase inhibitors. The step gradient from 1.0 M (lane 1) to 2.5 M sucrose (lane 16) was fractionated. The lysed nuclei (Nu) (material that was layered on top of the sucrose gradient) and equal volumes of the gradient fractions (lanes 1-16) were analyzed by SDS-PAGE and immunoblotting for Spc98p, Spc110p, Spc97p-3HA, Tub4p, and Spc42p. SPBs were present in fractions 8 -12, corresponding to approximately 2.0 M sucrose.
Drosophila homolog of Spc98p, p109, appears as a doublet (Zheng et al., 1995; Zheng, personal communication) , raising the possibility that this protein is also phosphorylated. Our analysis revealed that Spc98p is probably phosphorylated at multiple sites, as it is resolved in at least three bands by SDS-PAGE, which are all converted by either AP or serine/threoninespecific phosphatase PP2A to the fastest migrating, unphosphorylated form (Figure 1 , B and C). Similar to Spc110p (Friedmann et al., 1996; Stirling and Stark, 1996) and Spc42p (Donaldson and Kilmartin, 1996) , Spc98p is subject to cell cycle-dependent phosphorylation. Spc98p becomes phosphorylated after SPB duplication, a conclusion that is supported by the cdc4 experiment (Figure 4) . Phosphorylation occurs during DNA replication (Figure 2, A and B) , but clearly before Spc110p phosphorylation (Friedmann et al., 1996) . It will be interesting to determine whether Spc110p phosphorylation depends on the previous modification of Spc98p. This is a possibility, since Spc98p interacts with the amino-terminal domain of Spc110p at the SPB . Furthermore, our data are consistent with the notion that Spc98p at the inner plaque of the SPB is mainly phosphorylated, while at the outer plaque it is not: isolated SPBs contain phosphorylated as well as nonphosphorylated Spc98p ( Figure 9B) , and a nuclear import-deficient version of Spc98p, Spc98p nls5 , localized at the outer plaque ( Figure 6D ) in a predominantly unphosphorylated state (Figure 10 ).
Spc98p phosphorylation was affected in the temperature-sensitive kinase mutants cdc7-1, cdc28, and mps1-1 ( Figure 3A) . The cdc28 cells arrest at start of the cell cycle at which point Spc98p phosphorylation is minimal. cdc7-1 cells arrests at late G1/S-phase, before the initiation of DNA synthesis (Byers and Goetsch, 1974; Hartwell, 1976; Yoon and Campbell, 1991) . This arrest point coincides with the time Spc98p phosphorylation begins, explaining why Spc98p is predominantly phosphorylated in cdc7-1 cells. mps1-1 was found in a phenotypic screen for mutants that affect spindle formation (Winey et al., 1991) . MPS1 encodes an essential protein kinase with functions in SPB duplication and mitotic checkpoint control (Winey et al., 1991; Lauzé et al., 1995; Hardwick et al., 1996; Weiss and Winey, 1996) . The localization of Mps1p has not been determined; however, it accumulates inside the nucleus when overproduced (Weiss and Winey, personal communication) . Mps1p is active after start of the cell cycle and is induced by treatment of cells with hydroxyurea or nocodazole (Steiner and Winey, personal communication) . These properties of Mps1p correlate well with the phosphorylation of Spc98p, rais- -4) , SPC98 and 3HA-SPC98 (lanes 5-8), or SPC98 and 3HA-spc98 nls5 (lanes 9 -12) were isolated by sucrose density gradient centrifugation. The gradients were fractionated, and the four fractions containing SPBs (fractions 8 -11 of the sucrose gradient; see also Figure 9B ) were analyzed by immunoblotting using anti-HA, anti-Spc98p, and antiTub4p antibodies. The numbers on the right indicate the phosphorylated (1) and nonphosphorylated (3) forms of 3HA-Spc98p, and the phosphorylated (2) and nonphosphorylated (4) forms of Spc98p, detected by the anti-Spc98p antibodies. Note that band 1 is not present in lanes 9 -12. (B) 3HA-Spc98p nls5 is not phosphorylated. SPBs from cells expressing SPC98 and 3HA-SPC98 (lanes 1 and 2) or SPC98 and 3HA-spc98 nls5 (lanes 3 and 4) were solubilized with detergent. Detergent extracts were incubated with AP in the presence (lanes 1 and 3) or absence (lanes 2 and 4) of the inhibitor 3-glycerophosphate (3GP) (100 mM). Samples were analyzed by immunoblotting with anti-HA antibodies. Figure 11 . Model for formation, nuclear transport, and phosphorylation of the Tub4p complex. Substructures of the SPB were drawn as described (Bullitt et al., 1997; ing the possibility that Mps1p kinase phosphorylates Spc98p.
What is the function of Spc98p phosphorylation? The nonphosphorylation of Spc98p in cdc4 -1 cells (Figure 4) , excludes a role in SPB duplication or microtubule nucleation by the newly formed SPB. Furthermore, dephosphorylation of the isolated Tub4p complex by AP does not influence its composition or stability with respect to binding of Tub4p and Spc97p (Pereira, unpublished) . Phosphorylation of Spc98p may influence microtubule attachment to the inner plaque of the SPB after the nucleation step. This may be essential to allow microtubule fluxes in mitosis (Mitchison, 1989; Sawin and Mitchison, 1994) . Alternatively, reorganization of the Tub4p complex may be required to balance forces on the inner plaque of the SPB caused by chromosome and spindle movements in metaphase and anaphase (reviewed by McIntosh and Koonce, 1989) . In this context it is interesting to note that tub4 -1 cells nucleate microtubules and form a short bipolar spindle as wild-type cells. The tub4 -1 spindle than collapses at the time the cells enter mitosis (Spang et al., 1996a) . Our results also suggest that the Tub4p complex at the outer and inner plaques is differently regulated, which may reflect the distinct roles of the cytoplasmic and nuclear microtubules (Huffaker et al., 1987; Sullivan and Huffaker, 1992) . Finally, Spc98p phosphorylation in response to mitotic checkpoint activation (Figure 3 , C and D) may assist accurate chromosome segregation after disturbing the mitotic spindle. Due to these characteristics, phosphorylation of Spc98p proteins in ␥-tubulin complexes may prove to be an important determinant for microtubule organization as well as a target that is modified in response to checkpoint activation.
